A new class of antibody-functionalized, semi-flexible and filamentous polymers (diameter 5-10 nm, length $200 nm) with a controlled persistence length, a high degree of stereoregularity and the potential for multiple simultaneous receptor interactions has been developed. We have decorated these highly controlled, semi-stiff polymers with T cell activating anti-CD3 antibodies and analyzed their application potential as simple synthetic mimics of dendritic cells (sDCs). Our sDCs do not only activate T cells at significantly lower concentrations than free antibodies or rigid sphere-like counterparts (PLGA particles) but also induce a more robust T cell response. Our novel design further yields sDCs that are biocompatible and non-toxic. The observed increased efficacy highlights the importance of architectural flexibility and multivalency for modulating T cell response and cellular function in general. † Electronic supplementary information (ESI) available: Synthesis and characterization of the poly(isocyano peptide), of the aCD3-sDC bioconjugate and the aCD3-PLGA particles; experimental methods for the cell viability tests, the T cell activation tests as well as the confocal microscopy experiments. See
Introduction
The innate immune system is the body's rst line of defence against invaders like pathogens and cancerous cells. Among the various cell types of the innate immune system, dendritic cells (DCs), also known as "professional" antigen-presenting cells (APCs) are of prime importance. 1 The knowledge about DCs has increased tremendously in the last 30 years 2 and their applicability for cancer immunotherapy has been investigated. Ex vivo generated DCs, when loaded with tumour lysates, tumour antigen-derived peptides or whole tumour proteins, have demonstrated enhanced anti-cancer immune responses. 3 Clinical studies have shown the potential of DCs as an autologous vaccine for cancer immunotherapy. 4, 5 In spite of their potency, the application of ex vivo DCs is so far limited by their availability. Growth of ex vivo DCs is both labour and resource intensive. The requirement to generate a tailor made vaccine for every patient 6, 7 means that ex vivo DCs are not economically sustainable. The aforementioned inefficiencies in the production of ex vivo DC's has inspired investigators to design articial antigen-presenting cells (aAPCs) as alternatives.
Extensive studies on DC/T cell interactions in vitro have shown that the activation of T cells proceeds via a pre-clustering of MHC-peptide complexes in microdomains. These microdomains subsequently cluster into the so-called 'immune synapse' (IS). 8, 9 Similar to many extracellular biological recognition processes, T cell activation consequently requires the simultaneous multivalent interaction of a number of receptors to initiate clustering. Molecular constructs that are able to mimic this simultaneous multivalent binding have a higher efficacy by increasing the avidity. [10] [11] [12] Further, activation does not only involve one type of receptor but instead multiple receptors that interact with different activation inducing molecules (i.e. MHCpeptides, co-stimulatory adhesion molecules, etc.).
The rst generation of aAPCs, microbead-based DCs, have shown a marked advantage in expanding specic T cells under laboratory conditions compared to free MHC-peptide complexes. Their efficacy for long-term T cell expansion has been limited, however. 13 Unlike aAPCs, natural APCs have the ability to conform to the cell surface topography and allow the dynamic movement of receptor-ligand complexes to form the IS that ultimately causes T cell activation. Most likely the rigid sphere morphology of these microbead based aAPCs hinders the efficient formation of multivalent interactions with the T cells. 14, 15 These aAPCs lack the plasma membrane uidity of natural APCs that allows for the dynamic movement of these complexes to the IS site. 16 So spherical aAPCs, such as liposomes, 17 have overcome the membrane uidity constraint enhancing T cell activation over and above that observed for the rigid sphere models, suggesting that the IS can form more efficiently if a dynamic movement of both binding partners can take place ( Fig. 1) .
Besides an efficient formation of the IS, also the number of receptor-ligand interactions involved in IS formation is known to play an important role in T cell activation. The number of interactions is dictated by the size and the morphology of the particle. In general, for rigid spherical particles the number of ligands available to participate in the required simultaneous interaction is limited by its topology. [17] [18] [19] Second-generation immunotherapeutic delivery vehicles have, therefore, explored extended aspect ratio topologies such as lamentous or rod-like particles. These extended aspect ratio structures have utilized either copolymer lomicelles 20 or decorated carbon nanotubes (CNTs). 21 Both lomicelles and CNTs have demonstrated a higher activity compared to their spherical counterparts. 21, 22 This marked increase in efficacy is most likely a result of the larger surface-to-volume ratio that allows a more effective loading. If the micelle area is held constant for a given mass of co-polymer their effective loading is increased by 50% compared to the corresponding sphere. 20 Besides the increased effective loading that may aid in enhancing multivalent binding, lamentous or rod-like particles also show longer circulation times in the body that might play an additional advantageous role in T cell activation. 20 The design criteria for an ideal synthetic dendritic cell (sDC) should incorporate the described knowledge gained from aAPCs and commonly used therapeutic delivery vehicles. It should combine the above characteristics of a high aspect ratio, a exible architecture and multiple interactions to achieve highly efficient T cell activation. The sDCs should further possess an extended half-life and a low systemic toxicity. [23] [24] [25] Here, we propose a fundamentally new design of sDCs that have the potential to full all of the above criteria. Our strategy to building these novel delivery vehicles is based on a new class of rod-like, semi-stiff and water-soluble polymers derived from oligoethylene oxide substituted poly(isocyano peptides). 26, 27 Poly(isocyano peptides) consist of a helical polyisocyanide backbone. This backbone carries peptide functionalized side chains that are attached to every carbon stabilizing the helix through hydrogen bonding. [28] [29] [30] These polymers can be up to 2 mm long and exhibit a well-dened stereoregularity 31 as well as a controlled stiffness that can be tuned between persistence lengths (L P ) of 5 nm to 200 nm. 26, 32 Since in principle every individual monomer can be substituted with a functional unit, a versatile synthon for the design of multivalent lamentous sDCs is easily obtained (Fig. 2) .
Our hypothesis is that such a semi-stiff poly(isocyano peptide) decorated with effector molecules rapidly docks on T cells ( Fig. 2a  and b ). The semi-stiffness of the poly(isocyano peptide) will then allow all effector molecules on the sDC to bind to neighbouring receptors on the same cell ( Fig. 2c ). This is not possible for a rigid spherical bead or a exible random-coil polymer, where multivalent interactions require entropically non-favourable, extended polymer conformations. 10, 12 Subsequently, using a semi-stiff polymer, these receptor sites will be able to cluster with a concomitant contraction of the polymer backbone to form the IS while retaining the activated state ( Fig. 2d ). To test our design strategy, we functionalized these sDCs with anti-CD3 antibodies (aCD3-sDC), that are known to cause T cell activation, and compared their efficacy with microbead based aAPCs (aCD3-PLGA) and free aCD3 antibodies.
Results and discussion
Synthesis and characterization of the aCD3-sDCs Synthetic dendritic cells (sDCs) carrying T cell stimulating aCD3 antibodies have been synthesized from semi-stiff poly(isocyano peptides). To obtain these sDCs, an azide containing poly-(isocyano peptide) was synthesized in the rst step (see ESI † for synthetic procedures). This was achieved by co-polymerizing a mixture of an azide-functionalized monomer and a methoxyfunctionalized monomer using a 1 : 100 molar ratio resulting in a random copolymer (Scheme 1).
The obtained polymers have a degree of polymerization DP ¼ 1633 and a length between 150 nm and 200 nm (Table S1 †). The statistical spacing between azide groups is 10 nm. These azide groups were subsequently used to couple BCN-functionalized streptavidin (SAv) to the polymer backbone using a strainpromoted azide alkyne click (SPAAC) reaction. 33 The obtained SAv-functionalized polymer contains on average one SAv molecule every 40-50 nm ( Fig. 3 ), as determined with AFM. sDCs were obtained by adding biotinylated aCD3 antibodies yielding aCD3-sDC. When preparing the aCD3-sDC, the ratio of aCD3 to SAv on the polymer was adjusted such that on average every SAv was bound to one aCD3 antibody ( Fig. S6 †) . Consequently, an average polymer with a length of 150-200 nm contains between 3 and 5 aCD3 antibodies.
Cell viability measurements
Before testing the efficacy of these novel sDCs on peripheral blood lymphocytes (PBLs), cell viability studies were carried out to study their biocompatibility. PBLs exposed to aCD3-sDC or free aCD3 at different concentrations exhibited no signicant decrease in cell viability (MTT assay; Fig. 4a ). At higher aCD3 concentrations even an increase in the number of cells was observed, which can be explained by induction of T cell proliferation by the aCD3 antibodies (vide infra). Even aer prolonged incubation times, cell viability remained constant between 90 and 100% even up to 72 hours (Trypan Blue assay; Fig. 4b ).
T cell activation
In subsequent experiments, the capacity of aCD3-sDC to activate T cells was determined in comparison to free aCD3 antibodies, streptavidin bound aCD3 (aCD3-SAv) and the corresponding isotype control (mIgG2a-sDC). Aer clustering of CD3 on the T cells, intracellular signalling results in direct activation as demonstrated by expression of the early T cell activation marker CD69. 34 Activated T cells further show enhanced secretion of IFNg as a late activation event 35 and eventual T cell proliferation is observed. 36 At saturating concentrations (>50 ng mL À1 ), CD69 expression was at its maximum, for both the aCD3-sDC and the controls including free aCD3 and aCD3-SAv ( Fig. 5a ). At low concentrations (1-20 ng mL À1 ), however, the aCD3-sDCs were $2.5 fold more effective in inducing T cell activation when compared to the aCD3 and aCD3-SAv controls. Similarly, the aCD3-sDC activated T cells released 2-3 fold higher amounts of IFNg than the tested controls ( Fig. 5b) . Taken together, these ndings and the additional controls shown in Fig. S7 † indicate that aCD3-sDC induces a more robust T cell activation when compared to T cells exposed to free aCD3 or aCD3-SAv.
To substantiate the above ndings, T cell activation was followed over time at a low effective treatment concentration (5 ng mL À1 aCD3 for both aCD3-sDC and free aCD3). The aCD3-sDC treated T cells were activated at signicantly earlier time points (Fig. 5c ). Over prolonged exposure, T cell activation increased up to $35%. In comparison, T cell activation following treatment with free aCD3 shows a delay in T cell activation (10 hours vs. 7 hours for aCD3-sDC) and a lower percentage of activated T cells (only $10-15%). Finally, the ability of aCD3-sDC to induce T cell proliferation was tested (50 ng mL À1 aCD3 for both aCD3-sDC and free aCD3). In line with the above results, a 2-3 fold higher number of proliferated T cells was detected when the T cells were treated with aCD3-sDC ( Fig. 5d ). Treatment with aCD3-sDC leads to a constant increase in the proliferation rate until 72 h of treatment. The observed decrease in the number of T cells at 96 h is likely resulting from nutrient depletion in the growth medium at high cell concentrations.
To investigate the importance of the structural architecture of our novel sDCs, their efficacy was compared to spherical aCD3-PLGA particles (1.8 mm diameter, see ESI †). The wormlike aCD3-sDCs were $7 fold more efficient in stimulating T cell activation (CD69 expression) when compared to aCD3-PLGA particles, even at concentrations as low as 1 ng mL À1 (Fig. 6a ). Also the production of IFNg was $3 fold higher when compared to aCD3-PLGA particles (Fig. 6b ). Together these observations indicate that our aCD3-sDCs do not only activate T cells signicantly better at lower concentrations. They also induce the highest IFNg production when compared with solid particle based DCs.
This difference in efficacy cannot be explained with the number of receptor-ligand interactions that can form when using aCD3-sDCs ($3-5 interactions) or aCD3-PLGA particles ($1-10 interactions; see ESI †). This similar number of possible interactions for both geometries clearly suggests that it is not the density of aCD3 but the ability of polymer-based sDCs to exibly adjust to the spacing of receptors and to dynamically form the immune synapse that leads to the superior activity of our sDCs. In other words, multiple static interactions are not sufficient. It has been postulated that a more dynamic anisotropic interaction between the binding partners is required to induce and enhance T cell activation. 37, 38 Unlike the static shape of the hard sphere model, the controlled stiffness of the aCD3-sDC lament has the capacity to 'concertina' in response to the receptor clustering events associated with the formation of the immune synapse (Fig. 2) .
Localization of aCD3-sDC on the cell surface
To investigate the molecular process in more detail and to understand how the sDCs interact with T cells, binding studies were performed with uorescently labelled aCD3-sDCs. The PBLs were incubated with different concentrations of either uorescein labelled aCD3-sDCs (FaCD3-sDC) or free aCD3 (FaCD3) for 24 hours (see ESI †). Subsequently, the number of uorescent cells was determined using a laser scanning confocal microscope ( Fig. 7 and S9 †) . At high concentrations (50 and 100 ng mL À1 ) the relative number of T cells that show binding of FaCD3-sDC on their surface was comparable to the percentage of cells that have been treated with free FaCD3. In the low concentration range (#20 ng mL À1 ), however, a higher fraction of PBLs carrying FaCD3-sDC was observed when compared to the cells treated with free FaCD3. This result clearly explains the higher efficacy of the aCD3-sDCs in the low concentration range (Fig. 7a ). Besides more efficient binding, 3D images taken aer 24 hours further reveal that FaCD3-sDC remained co-localized on the membrane indicating that no receptor internalization has been taking place (Fig. 7b ).
Summarizing the above results, this new class of semi-stiff and lamentous polymers serves as an ideal scaffold for functionalization with antibodies to allow for multiple, simultaneous receptor interactions. These novel sDCs do not only activate T cells at signicantly lower concentrations than free antibodies and their rigid sphere-like PLGA counterparts but also induce a faster T cell response. Docking of the rst antibody to the T cell increases the effective molarity of aCD3 at the cell surface thereby increasing the probability for the remaining antibodies to bind (Fig. 2b) . It is known that T cell stimulation by aCD3 in solution causes internalization of the CD3 leading to termination of the T cell response. 39 The experiments with uorescently labelled FaCD3-sDC have indicated that FaCD3-sDC remains bound on the T cell surface even aer 24 h of treatment. The semi-stiff, lamentous morphology of the aCD3-sDCs consequently does not only lead to a signicantly higher and earlier (CD69 expression) but also to a more sustained T cell response compared to the free antibody and the spherical geometry. This result is supported by the expression of the late stage activation marker INFg and the associated higher T cell proliferation rates. These ndings have important consequences for the therapeutic use of aCD3 antibodies, which show in vivo toxicity at high concentrations. 40 As our aCD3-sDCs show T cell activation at lower concentrations compared to free aCD3 antibodies, this new design can help to overcome these toxicity problems and widen the therapeutic window of aCD3 antibodies.
Despite their clearly proven potential as a DC mimic, a number of open questions remain. The stiffness of the polymer combined with the density of effector molecules appears to be the crucial parameter for efficient T cell activation. Antibodyfunctionalized poly(isocyano peptides) are an ideal scaffold to investigate the importance of these parameters in a systematic way. Both the density of effector molecules as well as the polymer stiffness can be easily tuned for this new class of functional polymers. Experiments are currently underway to study the role of the polymer length, the polymer stiffness and the effector molecule loading on T cell activation.
Conclusions
In this report we demonstrate that multivalency in combination with a controlled semi-stiffness are key parameters for designing potentially therapeutically active vehicles that closely mimic natural DCs. Using our novel sDC design, we observe a more efficient as well as more sustained T cell response. This enhanced activity clearly validates the nal stage of the proposed binding mechanism (Fig. 2d ) that requires the sDC to respond to the processes occurring on the T cell surface during formation of the immune synapse. Having shown the potency of our sDCs, our next goal is a more detailed investigation of the sDC induced T cell activation mechanism. This will ultimately allow us to increase their efficacy even further. To develop the presented sDC system for clinical applications against cancer, the aCD3 antibodies will be replaced with MHC-peptide complexes and co-stimulatory molecules, necessary for highly efficient T cell activation. Cytokines can be coupled in addition to further shape the T cell response. Ultimately, aer characterization of their in vivo behaviour, our sDCs have the potential to become a highly efficient and cost-effective nanovaccine for cancer immunotherapy. Besides cancer immunotherapy, the semi-stiff poly(isocyano peptides) scaffold might be used for other applications where multivalent binding is essential. Multivalency, for example, plays an important role in drug targeting. Functionalization of the scaffold with effector molecules as well as targeting and imaging moieties can potentially lead to a more efficient accumulation and detection of the therapeutic agent at the desired site of action opening up a far bigger range of possible therapeutic and diagnostic applications. 
